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Freshwater contained within the submarine extensions of coastal aquifers is increasingly 
proposed as a freshwater source for coastal communities. However, the extent to which 
offshore freshwater supports onshore pumping is currently unknown on a global scale. This 
study provides the first attempt to examine the likely prevalence of situations where offshore 
freshwater influences onshore salinities, considering various sites from around the world. The 
groundwater conditions in twenty-seven confined and semi-confined coastal aquifers with 
plausible connections to inferred or observed offshore freshwater are explored. The 
investigation uses available onshore salinities and groundwater levels, and offshore salinity 
knowledge, in combination with analytical modelling, to develop simplified conceptual models 
of the study sites. Seven different conceptual models are proposed based on the freshwater-
saltwater extent and insights gained from analytical modelling. We consider both present-day 
and pre-development conditions in assessing potential modern contributions to offshore fresh 
groundwater. Conceptual models also include interpretations of whether offshore freshwater is 
a significant factor influencing onshore salinities and well pumping sustainability. The results 
indicate that onshore water levels have declined between pre-development and present-day 
conditions in fourteen of the fifteen regions for which pre-development data are available. 
Estimates of the associated steady-state freshwater extent show the potential for considerable 
offshore fresh groundwater losses accompanying these declines. Both present-day and pre-
development heads are insufficient to account for the observed offshore freshwater in all cases 
where adequate data exist. This suggests that paleo-freshwater and/or aquifer heterogeneities 
contribute significantly to offshore freshwater extent. Present-day heads indicate that active 
seawater intrusion (SWI) will eventually impact onshore pumping wells at fourteen of the 
twenty-seven sites, while passive SWI is expected onshore in an additional ten regions. Albeit 
the number of field sites is limited, there is sufficient evidence to indicate that when offshore 




Thus, offshore freshwater should be assessed in coastal water balances presuming that it serves 
as an existing freshwater input, rather than as a new potential freshwater resource. 
 









Elevated population densities in many coastal regions are thought to place significant pressures 
on their underlying fresh groundwater resources (Post 2005), some of which are already subject 
to excessive rates of abstraction and exhibit signs of seawater intrusion (SWI) (i.e., the 
landward movement of seawater within an aquifer). SWI is driven by pumping, land-use 
changes, and climate change (including sea-level rise), which are predicted to increasingly 
threaten the reliability of coastal aquifer freshwater resources (Ferguson and Gleeson, 2012; 
Werner et al., 2013a, 2013b). Coastal fresh groundwater is primarily evaluated in the onshore 
sections of coastal aquifers, despite that freshwater can exist in the submarine extensions of 
confined and semi-confined coastal aquifers (referred to collectively as semi-confined in the 
remainder of this article) (Kooi and Groen, 2001; Bakker, 2006). As a result, conceptual and 
numerical models are often truncated at or near the shoreline (Sanford and Buapeng, 1996; 
USCoE, 1998; Delinom, 2008; Lubis et al., 2008; Bresciani et al., 2015; Knowling et al., 
2015), neglecting potentially strong linkages between onshore and offshore systems (Michael 
et al., 2017). 
 
Offshore fresh groundwater (OFG) has been recognised as a potential water resource for many 
coastal communities (Cohen et al., 2010; Bakken et al., 2012; Post et al., 2013; Jiao et al., 
2015). OFG bodies are separated from seawater by a dispersive mixing zone, and are 
characterised by salinities that typically freshen towards the coastline (Groen, 2000; Cohen et 
al., 2010; Post et al., 2013). In this study, freshwater is considered to have a salinity, in terms of 
total dissolved solids (TDS), of less than 1 g/L (approximately 3% of seawater), consistent with 
the definitions of Cohen et al. (2010) and Post et al. (2013). We also consider salinities equal to 
50% of seawater concentration (i.e., TDS ≈ 17.5 g/L) for comparison to the location of sharp-




methods. Recent work suggests that OFG (i.e., TDS < 1 g/L) is more common than previously 
thought, with both Cohen et al. (2010) and Post et al. (2013) estimating that there is 3 × 105 
km
3
 contained globally within passive continental margins. Brackish water (TDS < 10 g/L) is 




 (Post et al., 2013). These estimates have large uncertainties due 
to the scarcity of offshore data. 
 
The current status of OFG globally requires distinction between the present-day and pre-
development conditions of coastal aquifers, given that anthropogenic impacts on coastal 
aquifers are pervasive (Michael et al., 2017; Post and Werner, 2017). In this study, we use the 
term ‘modern’ to refer collectively to both present-day and pre-development conditions, i.e., 
under current sea levels. Present-day conditions refer to the most recent head measurements. 
These were available for a range of times, covering the period 1999 to 2017. Pre-development 
conditions are represented by the water level that existed prior to significant onshore 
drawdowns due to human development. This is commonly challenging to determine, and hence 
where pre-development water levels were not defined in previous articles, we extrapolated 
head records back to 1960. The year 1960 was selected as the earliest available year where 
backwards extrapolation in time was supported by field data from the same decade in at least a 
few cases. 
 
Two primary sources of OFG have been identified: (1) entrapped paleo-freshwater (e.g., 
Meisler et al., 1984; Essaid, 1990; Groen, 2000), and (2) modern freshwater discharge (i.e., the 
flow from onshore aquifers to subsea aquifers under current sea-level conditions) (Kooi and 
Groen, 2001; Bakker, 2006; Michael et al., 2016). OFG may be a mixture of both origins 
(Cohen et al., 2010; Post et al., 2013). Paleo-freshwater is thought to have been emplaced 




and elevated recharge (in some regions) led to bodies of fresh- and brackish water extending 
significant offshore distances from present-day coastlines (Groen, 2000; Cohen et al., 2010; 
Post et al., 2013; Siegel et al., 2014). The last glacial maximum occurred approximately 19,000 
years before present (Yokoyama et al., 2000). As seas rose to their current levels, coastal 
migration rates exceeded the landward movement of the freshwater-seawater interface, 
resulting in seawater overtopping aquifers containing freshwater (Kooi and Groen, 2001; Post 
et al., 2013). For OFG to persist despite transgression, an overlying aquitard is required to 
inhibit vertical mixing of freshwater and seawater, which is otherwise driven by buoyancy 
forces due to the unstable water-density configuration (Laattoe et al., 2013). This paleo-water 
is thought to be slowly salinizing through the diffusion of salt from adjacent strata and the 
gradual landward movement of the freshwater-seawater interface (Groen, 2000; Post et al., 
2013). 
 
Modern contributions to OFG bodies occur within offshore semi-confined aquifers where 
recharge exceeds onshore discharge in continental aquifers, leading to offshore groundwater 
flow (Kooi and Groen, 2001; Bakker, 2006), referred to as OFG inflow in what follows. OFG 
inflow differs to submarine fresh groundwater discharge (SFGD), in that the latter is usually 
recognised as groundwater discharge into the sea, rather than into aquifers below the sea. This 
is an important distinction, because OFG inflows are inputs to offshore aquifers, whereas 
SFGD is an output. Whether or not OFG inflow occurs at the same rate as SFGD from offshore 
aquifers determines whether the offshore aquifer is losing or gaining freshwater, 
notwithstanding salinization due to dispersion. The offshore distance that SFGD and the OFG 
that derives from modern OFG inflows (referred to as ‘modern OFG’ in what follows) extend 
is dependent on numerous factors. For example, modern OFG inflows can penetrate further 
where the overlying aquitard has a lower hydraulic conductivity (K) and/or larger thickness, the 




offshore is steeper (Kooi and Groen, 2001; Bakker, 2006). In addition to these factors, Michael 
et al. (2016) found that well-connected heterogeneities in the subsea geology may lead to OFG 
occurring at more extensive offshore distances than would be expected in homogeneous 
aquifers. 
 
Previous investigations of OFG primarily focus on the occurrence, characteristics and extent of 
freshwater. However, where pumping lowers the onshore heads of aquifers connected to OFG 
bodies, drawdown may extend beyond the shoreline, potentially causing the OFG volume to 
reduce. In this way, OFG may partly support the total onshore extraction of fresh groundwater 
(Post et al., 2013; Morgan and Werner, 2015; Beebe et al., 2016). Only a handful of localised 
studies have considered the interactions between OFG and onshore hydrogeological conditions. 
For example, regional sharp-interface modelling by McAuley et al. (2001) and Pope (2006) 
concluded that under current pumping regimes, the freshwater-saltwater interface will reach the 
New Jersey (USA) shoreline within the Atlantic City 800-foot sand aquifer in 710 years. 
Preliminary studies of OFG bodies proximal to Perth (Australia) (Morgan et al., 2016) and 
Palmahim (Israel) (Amir et al., 2013) have also been undertaken. However, it is presently 
unknown from a global perspective whether and for which aquifers OFG is critical for the 
onshore management of coastal fresh groundwater, and the degree to which onshore pumping 
is drawing on OFG. 
 
This study aims to develop conceptual models of coastal aquifers known to host significant 
OFG and where onshore pumping occurs, thereby providing initial conclusions about links 
between onshore and offshore conditions. We compare freshwater-saltwater distributions 
predicted through rudimentary analytical modelling of modern conditions (i.e., both present-
day and pre-development heads) to observed onshore and offshore salinity data. From this, we 
draw initial interpretations of: (a) whether OFG influences onshore salinities at each study site, 
  
8 
and (b) whether the known extent of OFG is attributable to modern OFG inflow (assuming 
homogeneous aquifer properties), or whether other factors dominate the OFG extent. We also 
investigate a number of regions where onshore data are used to infer the presence of OFG. This 





The direction of groundwater flow at the shoreline of coastal aquifers can be inferred by 
comparing the onshore piezometric head (hb) to the equivalent freshwater head (hf) imposed by 
the sea (Werner, 2017). This assumes that the coastal aquifer is exposed to the sea at some 
location, at which point the offshore groundwater head reflects the head of the ocean. The 
value of hf adopted in this study is applicable only to aquifers with onshore extents that exhibit 
semi-confined (rather than unconfined) conditions, because these aquifers are most likely to 
host significant OFG. The coastal aquifer arrangement that is adopted in this study for the 
purposes of applying available analytical solutions to OFG extent (arising from OFG inflow) is 






Fig. 1. Simplified conceptual model of an onshore-offshore coastal aquifer (adapted from 
Bakker, 2006). The dot-dash line represents the potentiometric surface of the confined 
(onshore) and semi-confined (offshore) components of the aquifer. The vertical dashed line 
indicates the offshore termination of the aquitard (shaded), which overlays the offshore portion 
of the aquifer. D is the thickness of the aquitard, H is the thickness of the underlying aquifer, xb 
is the distance from the shoreline to the onshore boundary, Ls is the offshore length of the 
aquitard, and z0 is the depth below sea level to the aquifer base. 
 
OFG inflows are expected to occur where hb > hf, otherwise the onshore aquifer is likely to be 










Where ρf and ρs are the respective densities of freshwater and seawater [M/L
3
]. Hydraulic 
gradients indicating groundwater flow in the onshore direction (i.e., hb < hf) are associated with 
active SWI, whereby the landward movement of seawater is in the same direction as 
groundwater flow (Werner, 2017). Active SWI is expected to eventually cause relatively rapid 
salinization of the near-shore aquifer (Morgan and Werner, 2015; Werner, 2017). This 
contrasts to passive SWI, whereby seawater moves landwards despite freshwater flowing 
towards the coast, resulting in the partial salinization of the onshore aquifer. Passive SWI in 
offshore aquifers may occur due to a reduction in OFG inflow (without eliminating it 
altogether). In a sharp-interface conceptualisation, passive SWI is characterised by a landward 
movement of the interface toe (i.e., where the freshwater-saltwater interface intercepts the base 
of the aquifer) and, in some cases, the interface tip (i.e., where the freshwater-saltwater 
interface intercepts the top of the aquifer). The toe may eventually come to rest in the onshore 
or offshore regions of the aquifer, whereas the tip remains offshore due to the persistence of 




take place over considerable timeframes without salinization of onshore wells, because the loss 
of freshwater occurs in the offshore part of the aquifer. Thus, some knowledge of offshore 
salinities is critical to understanding the potential for salinization of onshore aquifers from 
which pumping occurs. 
 
A preliminary estimate of the steady-state extent of modern OFG is possible for coastal 
aquifers where hb > hf through application of an analytical solution developed concurrently by 
Werner and Robinson (In press). Werner and Robinson (In press) modify the solutions of 
Bakker (2006) and Bakker et al. (2017), who assumed that the offshore aquitard contains 
seawater, to allow for alternative aquitard salinities. The modification by Werner and Robinson 
(In press) responds to the findings of another concurrent investigation by Solórzano-Rivas and 
Werner (In press), who show that where SFGD occurs, the offshore aquitard is more likely to 
contain freshwater, thereby changing significantly the prediction of OFG otherwise obtained 
from the Bakker (2006) and Bakker et al. (2017) solutions. While Bakker (2006) adopted a 
prescribed-flux representation of the inland boundary condition, Bakker et al. (2017) and 
Werner and Robinson (In press) allow for a prescribed-head condition to be implemented. 
 
The available analytical solutions for OFG apply to idealised aquifer geometries, consistent 
with Fig. 1. They are based on a number of assumptions, including that: (1) the zone of mixing 
between freshwater and seawater can be represented by a line of pressure equilibrium (i.e., a 
sharp interface), (2) the offshore aquifer is in equilibrium with onshore heads (i.e., steady-state 
conditions), (3) the aquifer and the overlying aquitard (in the offshore region) are isotropic and 
homogeneous, and (4) freshwater flow in the aquifer is horizontal, flow in the aquitard is 
vertical, and seawater is stagnant. A minimal number of input parameters are required, which is 






Coastal aquifer parameters required for the Werner and Robinson (In press) solution are 
obtained from existing literature, and are available at several sites around the world, as given in 
Table 1. The interface tip (xtip) and toe (xtoe) positions were calculated for each region. The 
parameters required are the aquifer hydraulic conductivity (Ka) [L/T], aquitard vertical 
hydraulic conductivity (Kl) [L/T], H, D, z0, hb, xb and Ls (see Fig. 1). Due to limitations in the 
available data, a single set of base-case aquifer properties was adopted for each site, despite 
that spatial variability in most parameters is likely. The distance to the edge of the continental 
shelf was used in areas where Ls is undefined in existing literature. The termination of the 
continental shelf was obtained from global bathymetry data (NCEI, 2017). In some cases, two 
landmasses abut the offshore region, and hence it is not possible to define a distance to the 
edge of the continental shelf. In these instances, Ls was taken arbitrarily as the distance to the 
shoreline of the neighbouring land mass. The coastal aquifers of Kent (England) are an 
example of this, whereby the submerged continental shelf connects to France without 
exceeding a bathymetric depth of ~55 m. 
 
To capture some of the known spatial variability in hb, maximum (hbmax) and minimum (hbmin) 
values were obtained, where available, from either well data or potentiometric contours. To 
allow for investigations of the impact of onshore development on OFG extent, pre-
development heads (hb*) were obtained where historical head information was available. 
Where pre-development heads varied spatially within a single aquifer, the maximum head 
within the near-coastal zone was adopted. The maximum head was selected because the 
available measurements probably under-estimate, if anything, the true pre-development head 
levels given that human impacts are likely to have been occurring well before 1960 in many 









Table 1. Parameters used in applying the Werner and Robinson (In press) analytical solution to estimate OFG extents. 
Region 
Aquifer Properties Aquitard Properties 
Sources of Data Ka z0 H hb* hbmin hbmax xb D Kl Ls 
(m/d) (m) (m) (m) (m) (m) (km) (m) (m/d) (km) 
Adelaide 
(Australia) 
2.5 190 80 10 -24 6.5 5 15 0.0005 
c




5 25 20 b3.2 -0.6# -0.6# 8.0 1 0.005 d42 (Ryder, 2004; Ivkovic et al., 2012) 
Algarve 
(Portugal) 
4 87 57 16 5 5 1 20 0.0001 
d
12 (Hugman et al., 2014; Frances et al., 2015) 
Aveiro 
(Portugal) 




50 (de Melo et al., 1999; de Melo et al., 2001) 
Bangkok 
(Thailand) 
8.6 120 75 - -20# -20# 15 17.5 0.086 c740 (Lundegard et al., 1990; Buapeng and 
Wattayakorn, 2008; Onodera et al., 2009) 
Bunbury 
(Australia) 
20 400 300 b4.2 1.6# 1.6# 4.4 20 10-6 125 (Schafer et al., 2008; Ivkovic et al., 2012) 
Canterbury 
(New Zealand) 
3 76 16 - -1.5 8.5 1.9 25 0.0001 
d










 6.1 2 0.0001 65 (Dodson, 2009; Ivkovic et al., 2012) 
Eckernförde Bay 
(Germany) 




10 800 400 
b
22.2 10 20.5 5 40 0.0001 
d
30 (Ivkovic et al., 2012; Morgan et al., 2015) 
Gippsland 
(Australia) 
25 3200 2000 55 0 10 0.3 120 10-5 80 (Schaeffer, 2008; Varma and Michael, 2011) 






 8.0 15 0.0001 
c















(Maathuis, 2000; Lubis et al., 2008; Onodera 
et al., 2009) 
Kent 
(England) 
a5 457 53 - 26# 26# 3.3 60 a0.0001 c85 (Edmunds et al., 2001) 
Nantucket Island 
(USA) 
10 290 220 - 4# 4# 2 34 0.0095 200 (Marksamer et al., 2007; Person et al., 2012) 
New Jersey 
(USA) 
15 280 36 9 -24 -6 3 30 0.0003 
d
140 (Hathaway, 1979; Voronin et al., 1996; 
McAuley et al., 2001; Pope, 2006; Depaul 
and Rossman, 2013) 
Niger Delta 
(Nigeria) 




30 55 40 - 1.5 4 1.5 3 0.02 
c
1000 (Pauw et al., 2017) 
Northern Florida 
(USA) 
42.5 310 160 18 0 9 5 30 0.0003 110 (Hathaway et al., 1979; Myer, 1989; Spechler, 
1994; Kinnaman and Dixon, 2009) 
Palmahim 
(Israel) 
10 190 40 - 1.5 2 2.9 30 10-5 25 (Nativ and Weisbrod, 1994; Goldman et al., 
2010; Amir et al., 2014) 
Perth Basin 
(Australia) 
2 3250 1500 35 -21 30 4.5 100 10
-5
 80 (Hennig and Otto, 2005; Ivkovic et al., 2012; 









 8 30 0.04
 





130 50 1 -7 -1 25 80 0.0016
 d
500 (Shen and Xu, 2011) 
Southern Dobruja 
(Bulgaria) 




185 85 3 -10 -6 5 30 0.0004
 d











 2.8 5 0.0048
 d














(Stewart, 2006; Lamontagne et al., 2008; 
Ivkovic et al., 2012, Morgan et al., 2016) 
#
 Available onshore data insufficient to establish minimum and maximum hb values. 
a K inferred from lithological descriptions. 
b
 Pre-development head inferred from linear regression of coastal observation well data. 
c Ls taken as the distance to the shoreline of the neighbouring land mass. 
d




3.0 Review of coastal aquifers with significant OFG 
 
3.1 Identification of aquifers with significant OFG 
 
We considered three conditions that are indicative of the presence of significant OFG in the 
selection of regions for further analysis. Firstly, we selected regions with offshore 
groundwater salinities below TDS 17.5 g/L (approximately 50% seawater salinity), as 
interpreted from offshore well observations and/or resistivity surveys. Secondly, we included 
semi-confined coastal aquifers where hb > hf, as this is indicative of OFG inflow. Thirdly, we 
identified regions where onshore freshwater is observed close to the shoreline in semi-
confined aquifers despite hb < hf. These regions are thought to indicate the occurrence of 
OFG because active SWI conditions would otherwise be expected to have caused extensive 
groundwater salinization in the onshore aquifer, at least where onshore groundwater levels 
have been lowered for extended periods. 
 
The identification of regions with significant OFG was initially guided by the previous 
investigation of Post et al. (2013). Ten of the fourteen regions identified by Post et al. (2013) 
that satisfied the selection criterial had sufficient data to allow for the application of the 
Werner and Robinson (In press) solution and were included in the analysis. In addition to the 
regions identified by Post et al. (2013), this study includes three regions where the presence 
of OFG is indicated by resistivity surveys or by freshwater measurements in offshore wells. 
A further fourteen regions were identified where OFG can be inferred from hb, hf, and/or 
onshore salinities. Fig. 2 shows the location of the twenty-seven regions analysed in this 
study, plus the four regions mentioned by Post et al. (2013) that were omitted from the 
current analysis due to data constraints. There may be other regions where OFG can be 




channelized nature of the recorded OFG body requiring investigative methods beyond the 
scope of this study (e.g., Krantz et al., 2004; Danskin, 2012). 
 
 
Fig. 2. Global distribution of regions with inferred or measured OFG analysed in this study. 
Willunga and Adelaide, and the Perth Basin and Bunbury share location markers due to their 
close proximity. 
 
3.2 Identification of regions at risk of active SWI 
 
The ‘driving head’ (hb – hf) (i.e., the difference between the onshore head and the equivalent 
freshwater head (at the top of the offshore aquifer) of the sea) was assessed for each region to 
identify aquifers where present-day groundwater levels are insufficient to prevent active SWI. 
This was undertaken by applying Equation 1 to the parameters in Table 1, including both 




driving heads for each region analysed in this study. The regions are listed in order of 






Table 2. Onshore saltwater observations and driving head values. References for each case 
are listed in Table 1. 
Region 
Saltwater observed in the 
onshore, semi-confined 
aquifer 
hbmin - hf 
(m) 
hbmax - hf 
(m) 
Perth Basin None observed -64.75 -13.75 
New Jersey None observed -30.1 -12.1 
Gippsland None observed -30.0 -20.0 
Adelaide Relic saltwater -26.75 3.75 










Suriname Relic saltwater -12.5 -8.5 
Shanghai ND -9.0 -3.0 
Northern Florida None observed -3.75 5.25 
Canterbury SWI recorded -3.0 7.0 
Palmahim ND -2.25 -1.75 





Aveiro None observed -0.25 44.75 
Gambier Embayment None observed 0.0 10.5 
Albany None observed 0.48# 0.48# 
Willunga Relic saltwater 0.75# 0.75# 
Carnarvon Undefined source 0.85# 0.85# 
North Holland SWI recorded 1.13 3.63 










Eckernförde Bay ND 2.25 4.75 
Algarve None observed 4.25 4.25 















Howard Springs ND 7.8# 7.8# 
Kent None observed 15.9# 15.9# 
# Only a single hb measurement was obtained for this region. 
ND Onshore salinity data inadequate to reasonably determine salinity status. 
 
It is important to distinguish whether active SWI occurs at considerable distance offshore or 
within onshore aquifers, because this dictates the timeframe for onshore aquifer salinization 
and the vulnerability of wells to salinity impacts more generally. The regions where saltwater 




published interpretations of the sources of saltwater. For example, ‘relic’ is assigned to 
regions where saltwater is found in the onshore aquifer and thought to have been emplaced in 
the aquifer prior to modern conditions, e.g., under prehistoric sea levels and climates. Relic 
saltwater may also include non-marine sources in onshore aquifers (e.g., mineral dissolution), 
although marine and non-marine salinization sources are typically not differentiated in the 
studies that we reviewed. In situations involving relic saltwater movement, aquifer 
salinization may not reflect the classic conceptualisation of SWI, where seawater movements 
are linked to variations in groundwater heads relative to sea levels. In Table 2, ‘SWI 
recorded’ is used to indicate that aquifer salinization has been observed. That is, a decline in 
the onshore head under modern conditions is thought to have caused the movement of the 
freshwater-seawater interface into, and/or landward in, the onshore aquifer. In addition, 
‘undefined source’ is prescribed to sites where saltwater has been noted onshore but no 
information is available on its origins. Regions where there is a reasonable level of onshore 
investigation (i.e., at least five salinity monitoring sites in the near-shore (< 5 km) region), 
and yet no seawater has been identified in the onshore semi-confined aquifer, are given a 
‘none observed’ classification in Table 2. Lastly, regions where the data are inadequate to 
reasonably ascertain the occurrence or otherwise of saltwater in the aquifer are designated 
‘ND’. 
 
Fourteen of the twenty-seven regions had sufficient data to define both hbmin and hbmax; 
otherwise, only a single value for hb has been used commensurate with the limited degree of 
published investigation. In six regions, both hbmin and hbmax indicate active SWI within the 
semi-confined aquifer, based on Equation 1. In five regions, significant variations between 
hbmin and hbmax result in hbmin signifying active SWI, while hbmax indicates OFG inflows. In 





A comparison can be made between driving heads (and the associated implications for the 
freshwater-seawater relationship) and whether or not seawater is observed in the near-shore 
zones of coastal aquifers. Where the near-shore groundwater remains fresh despite the 
presence of negative driving heads (indicating landward flow; Table 2), the most likely 
explanation is that onshore salinity data are yet to identify the presence of SWI occurring 
seaward of pumping wells. We associate this situation to the occurrence of OFG that is 
delaying the onset of near-shore/onshore SWI. Conversely, significant modern OFG is less 
likely to be present in regions where SWI is observed and the driving head is negative, 
because these factors indicate that the buffering effect of OFG and the hydraulic conditions 
associated with OFG inflows are lacking. In four cases, the analytical solution predicts 
seawater within the onshore aquifer but none has been found, thereby indicating potential 
OFG reserves. Three regions show evidence of SWI in field measurements, and exhibit 
negative driving heads, and therefore, the likelihood of modern OFG in those offshore 
aquifers is probably low. 
 
3.3 Calculated OFG extents and comparisons to offshore observations 
 
For the regions where OFG inflows are predicted under present-day conditions, xtip and xtoe 
were calculated using available present-day head data and through application of the Werner 
and Robinson (In press) steady-state solution. The results are presented in Table 3. Positive 
values of xtip and xtoe indicate an offshore position, and negative values an onshore position. 
In addition to xtip and xtoe, Table 3 also includes the cases where the driving head indicates 
active SWI. Where offshore salinity data are available, Table 3 records the distances from the 
shoreline to offshore wells containing groundwater with salinities less than 50% of seawater 




presented by Post et al. (2013) for the location of the offshore wells, while the OFG extents 
estimated from resistivity surveys were obtained from various references, as listed in Table 1. 
Regions in Table 3 are ordered by ascending xtoe values obtained from application of hbmax to 
the analytical solution. 
 
Table 3. Calculated xtip and xtoe for both hbmin and hbmax, and distance to offshore observations 
with TDS < 17.5 g/L. 
Region 
hbmin hbmax Offshore distance 
(km) to 
measurements of 









Perth Active SWI Active SWI 50 
New Jersey Active SWI Active SWI 130 
Suriname Active SWI Active SWI 90 
Palmahim Active SWI Active SWI a1 
Gippsland Active SWI Active SWI 70 
Shanghai Active SWI Active SWI 60 
























































Gambier Embayment Active SWI -2.7 30.0 - 
Eckernförde Bay -20.6 6.0 -1.5 6.0 - 
Adelaide Active SWI -1.1 2.7 3.5 
Albany -0.9# 0.1# -0.9# 0.1# - 























Northern Florida Active SWI 2.9 41.3 100 
Algarve 5.9 12.0 5.9 12.0 - 
Canterbury Active SWI 6.2 8.8 - 


















Aveiro Active SWI 24.8 40.0 - 
#




- No offshore salinity data available for this region. 
a
 Extent of OFG body inferred from offshore resistivity methods. 
 
The calculated steady-state OFG extents (Table 3) that correspond with present-day heads are 
used here in developing coastal aquifer conceptual models. These allow for the identification 
of regions where no onshore seawater is expected (i.e., positive xtip and xtoe) under steady-
state conditions, and regions where seawater is predicted to eventually reach the onshore 
aquifer (i.e., negative xtoe). As mentioned above, active SWI is likely occurring in six regions, 
based on both hbmin and hbmax. In two regions, hbmin indicates active SWI, while hbmax indicates 
a positive xtip and a negative xtoe. In three regions, hbmin is consistent with the occurrence of 
active SWI, while hbmax indicates that the interface is entirely offshore. Of the thirteen regions 
with only a single hb value, the driving heads of three are commensurate with active SWI, 
eight with an onshore xtoe, and two with entirely offshore freshwater-seawater interfaces. In 
Algarve, the Gambier Embayment and Eckernförde Bay, xtip from the analytical solution 
reaches Ls, indicating that present-day OFG inflows generated from hbmax are sufficient to 
drive freshwater to the termination of the semi-confined aquifer, given sufficient time. 
 
Where onshore salinity data are available (Table 2), the salinity data indicate that the 
observed interface does not approximate the predicted present-day steady-state interface, with 
the exception of Carnarvon. More specifically, in the fourteen regions with offshore salinity 
data, the value of xtip arising from hbmax is significantly landwards of known offshore 
groundwater with TDS < 17.5 g/L. This provides initial evidence that a component of 
offshore groundwater is likely sourced from either pre-development OFG inflows, paleo-
freshwater, and/or the effects of aquifer heterogeneity. 
 





To investigate the possible contribution of pre-development conditions to OFG development, 
the Werner and Robinson (In press) solution was applied to obtain the steady-state interface 
location from hb*, which was available for fifteen of the regions included in this study. The 
calculated pre-development tip (xtip*) and toe (xtoe*) are given in Table 4. The pre-
development driving heads, and the difference in the predicted steady-state tip (∆xtip) and toe 
(∆xtoe) position between pre-development (i.e., hb*) and present-day (i.e., hbmax) conditions, 
are also presented. Table 4 is ordered by the pre-development driving head (hb* - hf). 
 
Table 4. Pre-development driving heads (hb* - hf), calculated pre-development freshwater 
extents (xtoe*, xtip*), and the change in steady-state seawater extent from pre-development to 
current conditions (∆xtoe, ∆xtip). 
Region 
hb* - hf xtoe* xtip* ∆xtoe ∆xtip 
(m) (km) (km) (km) (km) 





Shanghai -1.0 Active SWI Active SWI a a 
Suriname 0.5 -105.7 1.9 INF INF 
Carnarvon 0.9 -11.4 2.5 0.0 0.0 
Bunbury 1.7 -1515.8 125.0 INF INF 
Willunga 2.0 -3.5 12.8 -43.2 -8.2 
Adelaide 2.3 0.5 4.1 -1.6 -1.4 
New Jersey 2.9 4.5 11.3 INF INF 
Albany 3.1 0.01 0.3 INF INF 
Uley South 3.1 0.8 3.3 -1.3 -1.2 
Howard Springs 10.0 24.5 37.4 -2.9 -2.9 
Gambier Embayment 12.5 3.0 30.0 -5.7 
b
0.0 
Northern Florida 14.3 28.2 66.7 -25.4 -25.4 
Algarve 15.3 10.7 12.0 -4.8 b0.0 
Gippsland 25.0 -236.6 80.0 INF INF 
INF the change in interface position is infinite as active SWI is predicted for hbmax. 
a no change calculable as active SWI is predicted for both hbmax and hb*. 





In eight of the fifteen regions listed in Table 4, the extents calculated from hb* place the 
entire interface offshore. Active SWI is predicted in two regions, while an onshore interface 
toe is predicted in five regions. In three regions, there is no change in xtip from pre-
development to present-day conditions, as both hb* and hbmax are sufficient to drive 
freshwater to the offshore termination of the aquitard. Except for Carnarvon, present-day 
water levels are lower than their pre-development counterparts, causing a potential loss in 
stored freshwater due to human activities. Large seasonal water level fluctuations at 
Carnarvon mask any longer-term trends, and therefore, the head drop from 1960 to 2016 
(extrapolated from metered records covering the period 1974 to 2009) is presumed negligible. 
In five regions, head declines (pre-development to present-day) result in a reversal of flow at 
the coastline, whereby OFG inflows are calculated from the estimated value of hb*, and 
active SWI arises from the value of hbmax. In three regions, the decline in hb causes the steady-
state interface toe to move onshore, resulting in a prediction of onshore passive SWI. In 
regions where hbmax predicts either active SWI or an onshore interface toe, yet pre-
development heads indicate an entirely offshore interface, it is likely that onshore freshwater 
extractions have historically relied at least partly on OFG emplaced under pre-development 
conditions. Some reliance on OFG is also expected, albeit to a lesser degree, in semi-confined 
coastal aquifers where the toe is predicted to have moved landward between pre-development 
and present-day conditions. 
 
In all regions listed in Table 4, xtip* is significantly landwards of where offshore groundwater 
with TDS < 17.5 g/L is observed (Table 3). This suggests that for the regions included in this 
study, paleo-freshwater and/or aquifer heterogeneity likely contribute to the observed 




agreeance with previous regional studies that also propose paleo-freshwater contributions to 
OFG (e.g., in Suriname (Groen, 2001), Nantucket Island (Marksamer et al., 2007), South 
Florida (Morrissey et al., 2010), and Southern Dobruja (Soulet et al., 2010)). In both Perth 
and Shanghai, hb* is not sufficient to generate OFG inflows, thereby indicating the 
occurrence of active SWI, even under pre-development conditions. This suggests that the 
onshore aquifer may have been drawing on OFG prior to 1960 (e.g., due to pre-1960 
groundwater development and/or disequilibrium over geological timescales), and that in these 
regions, onshore reliance on OFG may have been occurring for considerable periods. 
 
3.5 Known limitations of analytical methods for calculating OFG extents 
 
The simplifications of real-world aquifers required to resolve the Werner and Robinson (In 
press) analytical solution impart significant uncertainties in the resulting estimates of OFG 
extent. For example, most coastal aquifers considered in the current study slope downwards 
in the offshore direction, whereas Werner and Robinson (In press) assume that the aquifer is 
horizontal, consistent with earlier conceptual models by Bakker (2006) and others. The extent 
of freshwater in sloping aquifers is likely to be less than that predicted by the Werner and 
Robinson (In press) solution, because downward-sloping aquifers are subjected to 
increasingly higher heads (imposed by the sea) in the offshore direction (due to the higher 
equivalent freshwater heads of the sea with increasing depth). Also, seaward slopes tend to 
restrict landward seawater movement because the heavier seawater must overcome the 
gravity forces that accompany the aquifer slope (e.g., Koussis et al., 2012). 
 
Our analysis also suffers from the usual challenges of finding reliable aquifer properties. The 




have clearly defined locations offshore where they connect to the sea, due to highly 
heterogeneous overlying aquitards, complex geologies, and/or the paucity of offshore 
geological information. For example, in the northern portion of the Upper Floridian aquifer, 
Foley et al. (2002) identify several discrete zones where either aquitard thinning or incision 
by paleo-channels results in locally increased fluid exchange between the semi-confined 
aquifer and the overlying seawater column. Despite this, prior analytical modelling of this 
system by Bakker (2006) adopted the edge of the continental shelf as the aquifer-ocean 
connection. In general, where aquitards are heterogeneous and/or discontinuous, analytical 
solutions that presume uniform aquitard properties likely over-predict the steady-state OFG 
extent. Thus, it is noteworthy that our analytical results underestimate the known offshore 
freshwater extents. 
 
While the Werner and Robinson (In press) solution treats the coastal aquifer as homogenous, 
offshore aquifers often contain significant heterogeneities (e.g., Michael et al., 2016). Using 
numerical modelling, Michael et al. (2016) show that where heterogeneity results in well-
connected preferential flow pathways, freshwater can penetrate further offshore than in 
equivalent homogeneous-K models. They conclude that the assumption of homogeneity could 
result in an under-estimation of the extent of OFG generated by OFG inflows. However, the 
coastal aquifer arrangement adopted by Werner and Robinson (In press) differs to that used 
by Michael et al. (2017) in their homogenous K models. Werner and Robinson (In press) 
separate the offshore extent vertically into an aquifer and an aquitard, hence deviating from 
the single hydrostratigraphic unit used by Michael et al. (2016) to compare homogeneous and 
heterogeneous realisations. It is unknown if the impacts of heterogeneity obtained by Michael 
et al. (2016) are of the same magnitude as would be obtained for the layered aquifer-aquitard 





Another limitation of the current approach is the reliance on predicted interface locations that 
are in steady state. Coastal aquifers are slow to respond to changes in hydraulic conditions 
(Post et al., 2013), and therefore, the long periods required to approach steady-state salinity 
distributions may exceed the time-scales of marine regression-transgression sequences. Thus, 
steady-state conditions may not be realistic, and only representative of the potential for the 
interface to move to a new alignment. That is, the predicted interface positions may only 
inform the potential for interface movement, thereby reflecting the current knowledge of 
coastal aquifer conditions and the associated human-induced head changes over time. 
 
The limitations mentioned above result in varying, albeit unknown, uncertainties associated 
with the calculated steady-state tip and toe positions. The inferred uncertainty likely increases 
with distance offshore, given that aquifer parameters obtained from nearshore measurements 
are increasingly less likely to be representative of subsea aquifer properties in the offshore 
direction. 
 
3.6 Conceptual models for coastal aquifers with OFG 
 
We propose several alternative conceptual models of onshore-offshore groundwater systems, 
founded on available case studies and on the interpretations of interface conditions derived 
from Tables 2 and 3. The conceptual models shown in Fig. 3, while not exhaustive, present 
important relationships between onshore extractions and OFG (and its sources) observed in 
the regions included in this study, along with other critical elements of the offshore 






Fig. 3. Conceptual models of OFG, its origins, and its association with onshore pumping: (a) 
OFG generated by OFG inflows; minimal human development, (b) Pumping has resulted in a 
reduction in the OFG, without well salinization, (c) Pumping has caused aquifer salinization 
through active SWI. In (a), (b) and (c), any OFG is the result of present-day groundwater 
discharge, and salinity distributions reflect steady-state conditions, thereby representing 
predicted future/long-term situations arising from present-day configurations. (d) OFG 
includes both modern and paleo-sources, with minimal human development, (e) Pumping 
reduces the extent of present-day OFG, without accessing pre-development and/or paleo-
freshwater or seawater, (f) Pumping draws at least partly on pre-development and/or paleo-




through aquitards. In (d), (e), (f) and (g), the transient condition is shown, whereas the steady-
state condition is expected to eventually result in loss of freshwater from paleo- and/or pre-
development sources through dispersive processes, and in well salinization in (f) and (g). 
 
The first three conceptual models (Fig. 3a-c) represent steady-state interface situations 
whereby any OFG is attributable only to stable, long-term continental discharge (i.e., the 
assumption of Bakker (2006) and others). In the first conceptual model (Fig. 3a), the interface 
is entirely offshore. In Fig. 3b, the toe is onshore and the tip is offshore. The well shown in 
Fig. 3b may or may not have caused the onshore (i.e., rather than offshore) position of the 
toe. Fig. 3c shows the final, anticipated situation arising from active SWI, causing 
salinization of onshore wells. 
 
The four models shown in Fig. 3d-g incorporate paleo-freshwater and/or freshwater emplaced 
by pre-development inflows, whereby present-day OFG inflows are only responsible for a 
portion of OFG. The presence of paleo-freshwater and/or freshwater emplaced by pre-
development OFG inflows results in freshwater occurring seaward of the steady-state 
interface location that corresponds with present-day water levels. Bodies of offshore paleo-
freshwater can be considered as unstable, because they are likely being reduced by the 
diffusion of seawater, vertical leakage, and/or from hydraulic conditions that tend to draw the 
interface onshore, at least in aquifers where groundwater is flowing. This assumes that paleo-
freshwater no longer has a modern-day source. 
 
We consider the conceptual models shown in Fig. 3a-c to be the steady-state equivalents of 
Fig. 3d-f, whereby freshwater from paleo- and/or pre-development sources are eventually 




hydraulic conditions. Fig. 3d-f represent aquifers with decreasing OFG inflows, such that Fig. 
3d is the result of the highest OFG inflows. In Fig. 3d, the predicted present-day steady-state 
interface is entirely offshore. However, due to the presence of pre-development and/or paleo-
freshwater, the actual freshwater-saltwater interface occurs seaward of the steady-state 
interface predicted for present-day conditions. In Fig. 3e, seawater is entirely offshore, 
although under steady-state conditions, seawater is expected to cross the shoreline due to 
passive SWI (see Fig. 3b). The persistence of OFG inflows ensures that part of the onshore 
aquifer remains fresh despite passive SWI predicted onshore. In Fig. 3f, hb is lower than hf. 
This causes both the downwards advection of seawater through the offshore aquitard and 
landward movement of the interface in the form of active SWI. In this conceptual model, the 
persistence of freshwater between the pumping well and the shoreline is completely reliant on 
the presence of OFG, and in particular, paleo-freshwater. 
 
Fig. 3g represents one of many possibilities for deviations from the idealised conceptual 
model adopted in the analytical solutions applied in this investigation. Here, we show an 
aquitard that contains a zone of thinning, which causes localised salinization of the 
underlying aquifer. While Fig. 3g displays a conceptualisation of downward leakage, we 
acknowledge numerous other conceptual models involving a wide range of aquifer 
salinization mechanisms, including the influence of aquifer and aquitard heterogeneity, the 
upward leakage of saltwater through underlying aquitards, the movement of paleo-saltwater, 
and salinization from other (e.g., non-marine) sources. Other situations may include 
temporary or three-dimensional processes that are difficult to illustrate in cross-section, such 
as up-coning and variability in the long-shore direction causing seawater to move firstly 




shoreline. The naming of conceptual models in the remainder is consistent with the sub-figure 
labelling in Fig. 3 (e.g., Fig. 3a shows “model A”). 
 
The likelihood that OFG has an influence on onshore salinities can be inferred for models D-
F. In model D, the predicted steady-state interface is entirely offshore, meaning that it is 
unlikely that OFG contributes to present-day onshore salinities. In model E, OFG serves to 
delay the appearance of seawater in the onshore aquifer, although well salinization is not 
anticipated. Pre-development and/or paleo-freshwater stored in the aquifer may be removed 
through pumping, leakage through the overlying aquitard, and/or diffusion-driven 
salinization. For model F, pumping is at least partly maintained by the landward movement of 
OFG from offshore, and the future availability of fresh groundwater is closely related to the 
pre-development and/or paleo-OFG extent. As model G represents many alternative complex 
situations, there is a wide variety of possible levels of onshore use of OFG arising from this 
model. 
 
3.7 Global assessment of the potential onshore influence of OFG 
 
Using the available data (i.e., related to onshore and offshore salinity) and the predicted 
present-day steady-state interface position, each of the twenty-seven regions considered in 
this study are assigned one or more of the conceptual models developed in Section 3.6. The 
results are given in Table 5, which also includes the estimated likelihood that onshore 
salinities are influenced significantly by OFG. The assigned likelihoods shown in Table 5 are 
largely subjective, being based on the available data and analytical solution results presented 
above. For example, regions consistent with model D are assumed to have only a low 




assumed to have a moderate influence on the onshore salinity. In regions consistent with 
model F, there is a high inferred likelihood that OFG significantly influences the onshore 
salinity. In several regions, variations in hbmin and hbmax require the assignment of one or more 
conceptual models to encompass the observed and predicted conditions. Where multiple 
conceptual models are assigned, a range of inferred levels of OFG influence is also given.  
 
Table 5. Conceptual models representative of present-day conditions in each region, and the 





Inferred likelihood that 









Gippsland F High 
Jakarta F High 
New Jersey sF High 
Palmahim F High 
Perth Basin F High 
Shanghai F High 
Adelaide E, F Moderate - High 
Gambier Embayment E, F Moderate - High 







Southern Dobruja E Moderate 
Uley South E Moderate 
Willunga E Moderate 
Ringkøbing Fjord E Moderate 
Aveiro D, F Low - High 
Canterbury sD, F, G Low - High 
Northern Florida D, F Low - High 
Eckernförde Bay D, E Low - Moderate 
North Holland sD, E Low - Moderate 
Kent A or D Low 




Howard Springs A or D Low 
Carnarvon 
s
B or E Unknown 
s Saltwater attributed to either SWI or from undefined origins in the onshore aquifer. 
 
Sixteen of the regions shown in Table 5 could be described using a single conceptual model 
and were assigned a single likelihood of OFG influencing their onshore salinities. In nine and 
seven regions, it is inferred that there are high and moderate likelihoods, respectively, that 
onshore salinities are influenced by OFG. In four regions (Carnarvon, Kent, Algarve, and 
Howard Springs), the available salinity data are insufficient to allow for comparison with the 
steady-state estimates of the interface position. In these four regions, it was not possible to 
differentiate between the steady-state models (A-C) and their transient equivalents (D-F). In 
Kent, Algarve, and Howard Springs, the steady-state interface predicted for present-day 
conditions is entirely offshore. As a result, it is inferred that there is a low likelihood that 
OFG influences onshore salinities in these three regions. While SWI is recorded onshore in 
Carnarvon, the available onshore salinity data are insufficient to determine the position of the 
interface. In addition, no offshore salinity data are available for comparison to the predicted 
OFG extent. As a result, no inference can be made as to whether the approximate steady-state 
salinity distribution has been achieved, and hence the possible onshore influence of OFG 
remains unknown. 
 
In seven regions, spatial variations in hb result in multiple conceptual models being required 
to encompass the predicted and observed conditions. Accordingly, there is spatially 
variability in the likelihood that onshore salinities are influenced by OFG. Large differences 
between hbmin and hbmax in Northern Florida, Canterbury, and Aveiro create conditions 
whereby model D best represents the conditions associated with hbmax, whereas models F 




models involving OFG inflows (models D and E) and active SWI (model F), in a single 
region, indicates that freshwater recirculation may be occurring within the offshore aquifer. 
That is, freshwater may discharge to the submarine aquifer in one area, and then flow 
alongshore within the offshore aquifer, before being drawn back onshore by pumping. 
However, significant offshore groundwater flow parallel to the coastline has not been 
identified in previous publications. Rather, OFG distributions are typically studied using 
transects perpendicular to the shoreline, and thus, the effect of this transverse movement in 
the offshore aquifer on OFG distributions is presently unknown. The importance of 
alongshore flow, particular in relation to the use of cross-sectional analysis, requires further 
investigation. 
 
Previous work in Canterbury and Bangkok identify that the vertical movement of seawater 
from overlying strata is at least partly responsible for the SWI observed in the onshore 
aquifer. As a result, conceptual model G was used to describe the coastal aquifer in these two 
regions. In Canterbury, historical SWI was linked to the downwards migration of seawater 
from an overlying estuary, resulting in localised SWI (Scott and Wilson, 2012). In Bangkok, 
regional salinization of the semi-confined aquifer is thought to be at least partially driven by 
downwards leakance of saltwater from overlying salinized aquifers (Buapeng and 
Wattayakorn, 2008; Onodera et al., 2009). In Table 5, SWI or saltwater from an undefined 
source is noted in eight regions (including Canterbury and Bangkok). With the exception of 
Canterbury and Bangkok, previous studies propose that SWI is primarily a result of the 
interface moving horizontally landward in these regions. 
 
The inferred likelihoods given in Table 5 are shown in Fig. 4. The propensity of a region to 




salinity appears to be largely independent of its spatial location. Perhaps regions in Europe 
have a slightly lower tendency to be classed as having a high likelihood that OFG influences 
onshore salinities, than elsewhere. However, anthropogenic factors such as population 
density, and the high variability and scantness of OFG data, make it difficult to detect the 




Fig. 4. Global distribution of the studied regions showing inferred likelihoods that OFG 
influences the onshore salinity. Red circles, yellow triangles and blue squares indicate regions 
with high, moderate and low likelihoods, respectively. Duel coloured circles indicate that 
multiple inferred likelihoods were assigned to the region, with red, yellow, and blue shading 
indicating high, moderate, and low likelihoods, respectively. 
 
OFG is possibly assisting in the maintenance of coastal water qualities in 70% of the regions 
included in this study. However, only three of these regions have investigations into their 
onshore-offshore freshwater interactions (Pope, 2006; Depaul and Rossman, 2013; Amir et 
al., 2014; Morgan et al., 2016). The scarcity of studies into the onshore use of OFG suggests 
that much of this use is either inadvertent, or at least is not informed by knowledge of the 
contributions to freshwater availability of OFG emplaced under paleo- and/or pre-




influences the onshore salinities, regional investigations that incorporate OFG into water 
management decision-making are vital for understanding the long-term viability of 




In this study, we present seven simplified conceptual models that characterise onshore-
offshore freshwater interactions. The proposed models describe, for the first time, the main 
predicted and observed onshore-offshore freshwater interactions in semi-confined coastal 
aquifers that extend offshore. They show how OFG generated from paleo- or pre-
development conditions can delay the onset of SWI in the onshore portion of coastal aquifers, 
assisting in the persistence of freshwater supply from onshore coastal wells. 
 
A first-pass evaluation of the likely onshore influence of OFG was undertaken in twenty-
seven coastal aquifers through the application of a recently developed analytical solution, in 
conjunction with available onshore and offshore salinity data. The findings of this 
investigation suggest that OFG has a moderate-to-high influence on onshore salinities in 
twenty-three of the studied regions. Included in these twenty-three regions are fourteen 
regions where water of TDS < 17.5 g/L has been found offshore. These findings indicate that 
all of the known OFG bodies with onshore linkages are likely already being mined either 
passively or actively through onshore extractions, and as such, should be assessed in regional 
water balances so that future freshwater availability is well understood. 
 
Estimates of the onshore groundwater conditions prior to contemporary groundwater 




thirteen of the fifteen regions for which pre-development data are available. Onshore heads 
were found to decline between pre-development and present-day conditions in fourteen of the 
fifteen regions with pre-development data. This decline results in a landward movement of 
the predicted steady-state freshwater-saltwater interface and a reduction of OFG. The steady-
state freshwater-saltwater interface positions obtained through the application of the 
analytical solution for both present-day and pre-development conditions were unable to 
explain the available offshore salinity data in all regions investigated. As a result, either 
aquifer heterogeneity or paleo-OFG are required to explain observed offshore salinity data for 
the regions considered in this study. While analytical methods provide a useful tool in 
screening sites for further investigation, transient numerical approaches that include paleo-
freshwater are likely required for the realistic estimation of OFG volume and extent. 
 
At present, the contribution of OFG to onshore water supply is poorly recognised in the 
existing literature. The potentially widespread influence of OFG on onshore groundwater 
identified in this paper suggests that there is a need for further work investigating both the 
vulnerability of OFG to onshore drawdowns, and the transient behaviour of OFG under both 
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Highlights (3 to 5 dot points, 85 characters each): 
 
(1) Onshore dependency on offshore fresh groundwater explored using simple methods 
(2) Seven conceptual models of onshore-offshore dependency proposed 
(3) Onshore heads inadequate to account for known extents of offshore freshwater 
(4) Evidence suggests widespread losses of offshore freshwater due to onshore pumping 
 
